The increasing threat of multidrug-resistant microorganisms is a cause for worldwide concern.
-Introduction
One of Today's challenge is providing reliable long-term antibacterial protection to objects used by humans. The ability of bacteria and other microorganisms to resist the effects of an antibiotic to which they were once sensitive is one of the most important social and materials-engineering problems. The increase in epidemics with different aetiology and in constant modification is evolving faster due to the overuse of antibiotic substances. The situation claims thousands of human lives every year and results in the decrease of the effectiveness of existing solutions in fighting the multiplication of pathogenic bacteria. As a consequence, a great deal of attention is being focused on developing and using antibacterial solutions in industrial, public and domestic areas. 1 The antibacterial effect is demanded in a quite large variety of products and applications such as textile, household cleaning, home appliances, furniture, transport vehicles, cosmetic products, sanitary ware, tableware, coverings, etc. Among them, the demand for bactericidal solutions related to ceramic tiles is of great interest due to their durability and easy cleanability.
Typically, ceramics are present in rooms with high humidity conditions, like bathrooms or kitchens, where resistant microorganisms are able to infect humans. The most common bacteria in wet areas of domestic environments are Staphylococcus aureus 2 and Escherichia coli. 3 These are usually found in floors and walls, surfaces which are normally covered by ceramic tiles with glazed surfaces. The ceramic surface is easy to clean and to disinfect but does not possess an intrinsically antibacterial effect. Tiles require junctions between units that are more difficult to disinfect and for such reason, mortars for tiles junctions with antibacterial properties were developed. 4 In order to produce a ceramic surface with antibacterial properties, different solutions have been developed. The ceramic tile having a glaze with antibacterial properties is described on the base of different mechanisms based on physical mechanisms, chemical mechanisms or a combination of both. In the case of physical mechanisms that promote chemical reactions, a family of bactericide glazes needed to be activated by UV photons nearest to the visible region of the spectrum. 5 In this case, the photoactivity of materials such as TiO 2 or CeO 2 generates exciton pairs which generate free radicals (e.g. hydroxyl radicals) that are able to undergo secondary reactions. The electronic transfers may be capable of causing redox processes on biological matter, such as bacteria deposited on or in close contact with glazed surfaces. 6 Nevertheless, these ceramic surfaces are not useful indoors as they require UV light irradiation.
Another chemical mechanism, apart from redox reactions by free radicals, was also explored in glazed surfaces. The lixiviation of cations from glass structure, as Ca 2+ , provokes biocide activity due to depolarization of the cell membrane as a consequence of the very high punctual concentration of Ca 2+ at the bacteria membrane. 7 Among chemical lixiviation of species, some materials as metallic silver, 8 silver salts 9 or copper oxide nanoparticles 10 at the glaze surface are toxic for microorganisms. However, the main limitation of species lixiviation is their durability, 3 decreasing the antibacterial effect over time. Additionally, copper or silver cations lead to the formation of dark colors in the ceramics, which limits their use.
It is reported the presence of large amounts of bacteria in ceramic floor tiles, and therefore the high possibility of their migration towards food. 11 The surface roughness of tiles has a direct relation with the cleanability of that surface, and thus the presence of bacteria. 12 These are primarily present in kitchens and bathrooms in domestic environments, but also in urban environments, in which cleanability is of higher importance. It is described that specific roughness grants glass surface bacteria-repellent properties 13 as it inhibits bacterial adhesion.
In this sense, there is a growing interest to design antibacterial and antifouling surfaces based on micro-roughness engineering that inhibited biofilm formation. 14 
Moreover, recent studies on
ZnO microparticles point out the existence of semiconductor interfaces able to cause damage to the cellular wall by local electric charge transfer. 15 The transfer of organism around the World and the development of new microorganisms along with the climate change that is possibly taking place, cause the need to protect ourselves against such pathogenic species. The application of scientific studies has given raise antibacterial ceramics and tiles to be used in hospitals, centers for childhood, schools, spas, public toilets, etc. But the functionality of the actual ceramics is limited in time (in the case of lixiviation of antibacterial ions) or requires unusual treatments at the place of antimicrobial action (as UV irradiation). In addition, despite the high number of studies that take into account different antimicrobial mechanisms, there is still a gap in the understanding of the effective mechanisms behind bacterial death. In this work, we propose a newly designed ceramic glaze having feldspar crystallizations with glass-free edges at the surface. In addition to the microroughness, the surface exhibits highly antibacterial properties due to the electrical charge originated between the feldspar microcrystals and the insulating glass. In this sense, the proposed solution overcomes the durability limits of the previous antibacterial mechanism used for ceramic tiles and with an antibacterial effect with increased durability.
2.-Experimental procedure
Two different compositions were used to obtain the antibacterial ceramic glaze (table 1) .
Materials corresponding to industrial standards are used in stoneware industry and were supplied by Kerafrit S.A. The differences in composition give rise to glazes with distinct viscosity behaviour with temperature denoted as A and B glazes. The glazes were prepared following a standard procedure in the ceramic tile industry. 16 Hence, homogeneous suspension in water of commercial frit and Kaolin was prepared. The solid content was 40 wt % and the relative mass proportion of each component on the solid was: 90 wt % frit, 10 wt % Kaolin. The suspension was homogenized by ball milling for a period of 20 min using 0.2 wt % of sodium tripolyphosphate as deflocculant and 0.2 wt % of carboxymethyl cellulose to improve the adhesion of the glaze to the green tile. The suspension was sprayed on the surface of a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 stoneware green tile substrate producing coatings with thicknesses of ca.250 μm -ca. 200 μm of glaze B deposited over the stoneware green tile and ca. 50 μm of glaze A deposited over glaze B (see supplementary information figure S1). Following deposition, the tiles were dried at 90 °C and fast-fired in an air atmosphere using a Pirometrol furnace. The heating rate was ca.
30 °C/min and the maximum temperature was 1200 °C (held for 5 min). This sintering cycle corresponds to a standard industrial fast-firing process of stoneware ceramic tiles. The total duration of the firing cycle was 55 min. Hot-stage microscopy of the glaze compositions was carried out in the range 30-1220 °C with a heating rate of 10 °C/min by a Leica Leitz microscope. The glaze surfaces were characterized by X-ray diffraction analysis, performed with Cu Kα radiation using a Siemens D500 At the later energy, the 16O(α,α)16O non-Rutherford elastic backscattering resonance occurs and the sensitivity to detect oxygen is increased by a factor of 23. 19 The obtained spectra were interpreted with the simulation code SIMNRA. 20 A lixiviation assay of glazes was performed by incorporating 1cm 2 of sintered glaze into 100mL of de-ionized water during 24 hours under stirring while keeping the temperature at 30ºC. The chemical analysis of Zn 2+ , Ca 2+ and Na + into the water after the lixiviation assay was determined in an Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis by using an Iris Advantage Spectrometer from Termo Jarrel Ash. The Raman study with the use of a confocal Raman coupled with an AFM was carried out (Witec alpha300R, Witec, Ulm, Germany). Raman spectra were obtained using a 532 nm excitation laser (green laser). Raman 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 respect to the reference A or B glaze. This R-value is also higher than the R-values previously reported in the literature for glazes. [21] [22] [23] [24] [25] [26] In fact, glaze A and glaze B could not be considered as antimicrobial as they show R<2, which is not considered to have antimicrobial effects according to JIS Z 2801. It is worth mentioning that the main difference between glaze A and B is related to the ZnO content. As the presence of Zn 2+ could damage bacteria membrane, their abundance in the glaze is a source of cations able to produce the antibacterial effect. Gram-negative (Escherichia coli). 3.2 Structural evolution of glazes with thermal treatment.
The formation mechanism of the bactericide surface is based on the existence of two glaze compositions with different viscosity at high temperature and different crystallizations. The heating microscopy results of the A and B glazes are shown in figure 2a , to follow their evolution as the temperature increases. As expected, the shrinkage behaves in concordance with the chemical composition of their corresponding frits (table 1) . The initial softening of glass, at ca.
785ºC for Glaze A and at ca. 885ºC for glaze B is attributed to the kaolin presence. It is worth to remark that the presence of ZnO reduces the temperature and enlarges the shrinkage in this first reaction. Zn 2+ is as a glass network disruptor that promotes smooth surfaces and reduction of melting temperatures. 27 The indicated contraction temperature is in concordance to the results in bibliography regarding frits with similar composition. 28 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   7 melting of the glaze. At higher temperatures, an interruption of the melting occurs, 1130ºC for glaze A and 1160ºC for glaze B, due to a crystallization process of the glaze.
The differences between glaze A and B in the temperatures where softening, melting and crystallization occur are used to deposit a 50 µm layer of glaze A onto the 200 µm layer of glaze B (see supplementary information figure S1). Due to the chosen design, it is expected that glaze A diffuses through the glaze B region. XRD studies in figure 2b indicate that the crystallization presented in the glazes correspond to plagioclase type feldspar. 29 The presence of cations in the medium of the bacteria could affect them by different mechanisms related with the bacterial cell wall as turgor or plasmolysis, due to the movement of charges for depolarization of the cell membrane after the fixation of cations. 30 Taking into account that the possibility of lixiviation of cations from the different glazes exists, a lixiviation assay into de-ionized water was carried out ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 In order to know the distribution of both glazes compositions A and B after the sintering step, a RBS study was performed. In particular, the amount of zinc is taken into account since this chemical species differs between glazes composition. The technique is based on the inelastic collision between ions (-particles in this case) and the atoms that make up the material. To find out the nature, concentration and distance to the surface of the elements, the energy of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
Figure 2.-RBS study of a) glaze A; b) glaze B; c) combined glaze A+B). Zn profiles (blue lines)
are shown in order to determine the distribution of this element in the whole samples.
Microstructural analysis of glazes and correlation with their structural insights.
A Microstructural study of glaze A (Figure 3a ) and combined glaze A+B (Figures 3b and 3c ) was performed in order to confirm the existence of feldspar crystallizations. The as-sintered glaze surface presents a rough glassy surface showing characteristic feldspar crystallization in a glass matrix. At the surface of glaze A, the glassy phase is more generalized than in the combined glaze A+B that presents defined platelets shaped crystallizations with t particle size up to 15m in length. Nevertheless, in glaze B these crystallizations are intuited in the interior of the glaze.
The elongated morphology of the platelets shape grains supports their correspondence with feldspar crystallizations. In addition, the transversal microstructural study of the combined glaze A+B confirms the presence of platelets shaped grains that reach the surface of the glaze (Figure 3d ). The platelet shape crystallizations are presented on the whole glaze thickness in different size and agglomeration state (see Supplementary information figure S4 ). The existence of crystallizations that protrude from the glaze surface may be relevant to the antibacterial mechanism since a high number of edges or angles at the glaze surface could erode the bacteria membrane. However, to perform the microstructural analysis of the transversal view of the glaze a chemical etching is required. As it is not guaranteed that the chemical etching is exclusively limited to the transversal cut, further analysis is required to elucidate the presence of shaped edges at the surface of the bactericide glaze. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 (Figure 4c ). These spectra are in agreement with the XRD study.
An initial comparison reveals that the main Raman spectra of the feldspars and glassy phase exhibit strong similarities in terms of the Raman shifts and relative intensities of major features.
The glassy phase possesses broad Raman peaks at the Raman shift range of 800-1200 cm -1 and is similar to that of SiO 4 structural units, as the ones present in quartz structure, but with much weaker and broader signals. 31 The low structural order presented by the glass introduces a large variation of the bonding distances that is translated into Raman signal broadening. Also, in the glass Raman spectrum, polymerization of the structural units produces a broadening of the Raman bands at the Raman shift range of 800-1200 cm -1 . 32 In the case of feldspar Raman spectrum, the defined Raman modes can be associated with Plagioclase (a mixture of Albite and Anorthite). 29, 33 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 standard glaze the crystallizations stay in the interior as it was previously inferred by SEM characterization, the designed glaze as a combined glaze A+B shows crystallizations that protrude from the glassy phase. This fact is generated by the lower melting temperature of the glaze A against glaze B that provokes the glassy phase diffusion of glass towards the bottom glaze layer. As a result, the crystallization exposed to the surface of the glaze in the designed glaze A+B. To sum up, the differences between the designed glaze as combined glaze A+B and a standard glaze (as A glaze) is the presence of protrude crystallizations at the surface. As the differences in chemical composition are not providing antibacterial characteristic, the determined microstructural differences of the surface must be on the origin of their high antibacterial efficiency for the combined glaze A+B. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   12 3.4 Functional characterization of the glaze surface and its correlation with the bactericide effect.
The existence of charge accumulation at the glass-free edges of the feldspar particles that protrude from the glassy phase is confirmed by Kelvin Probe Force Microscopy, Figure 5 . In concrete, the work function is an extremely sensitive indicator of surface condition and is affected by adsorbed or evaporated layers, surface reconstruction, surface charging or oxide layer imperfections, among others. The outer surface potential has already been widely used to describe bacterial cell attachment to solid surfaces. 36 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   13 facilitates the electric charge accumulation throughout feldspar as shown in the electric potential. In addition, the surface potential peaks determined by KPFM indicate local positive charge accumulation. The KPFM scanning used a dc-biased tip that results in the injection of free charge carriers. In addition, the presence of semiconductor particles of feldspar resulted in a discontinuity of polarization in the insulator glass matrix. The KPFM charge presents a peak up to 1.5 volts that largely exceeds the breakdown potential of the lipid bilayer, i.e. 150-500 mV. 38 It is reported that when an electric field is applied, voltage-sensitive protein channels open before the transmembrane potential reaches but voltages as large as KPFM reported results in direct membrane disruption.
All mentioned factors bother bacteria for several reasons: It is described 39 that the shape of the colonies of bacteria is markedly affected by the roughness of the surface and they prefer to stay on the valleys of the rough surfaces. The dimension of the roughness is also a determining factor in such a way that the density of bacteria on smooth surfaces is higher than in those samples having microroughness in the surface. 40 Consequently, the bacteria would prefer to stay on glass areas (smooth surfaces) than near the feldspar crystallizations (forming microroughness). Moreover, glass containing Calcium facilitates the adhesion of bacteria at low concentration but it could provoke the disruption of the cell wall for higher concentrations. Ca 2+ is a glass stabilizer that up to a certain amount prevents the chemical degradation of the glass.
The chemical composition of the glaze for ceramic tile has shown a low lixiviation rate accordingly with the expected durability of the tile surface. It has been reported 41 that the adhesion of bacteria to mucin (the main component of biofilm) involves a mechanism consisting of surface proteins in the bacteria that bind Ca 2+ . So, the existence of a surface rich in calcium does not result in bacteria death, but in the opposite way, it helps their fixation on the surface of the glaze. In this sense, the low bactericide effect observed in both standard glazes is in agreement, with the fact that the glassy matrix is not deleterious by itself to the bacterial survival. The microroughness of such standard glazes seems to slightly limit bacterial growth. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 The long duration of the antibacterial effect is due to the presence of these crystallizations in the bulk of the glaze. Thus, an effective bactericide product for ceramic applications with extended durability has been obtained. The employed methodology opens new ways of research to achieve functional surfaces by the existence of crystallizations.
Conversely

4.-Conclusions
A new glaze was designed through the combined layer deposition of standard glazes for the ceramic tile industry. The combination of two glaze compositions that are formulated with different Zn 2+ content, which result in differences in evolution with temperature, such as melting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 behaviour and crystallizations. The combined glaze promotes the appearance of protruding feldspar crystallization. The glass-free platelet crystallizations correspond to semiconductor feldspar in an insulator glass matrix. According to the KPFM analysis, the protrude crystallizations form Semiconductor-Insulator Interface barriers. The positive charge is accumulated at the interface barrier with potential values up to 1.5 volts that provokes the bacterial death. The electric potential present at the interface barriers exceeds largely the membrane breakdown potential of bacteria. Due to the inorganic nature of the feldspar crystallizations and their distribution in the whole glaze, the bactericide properties last for long periods of time. Thus, lasting antimicrobial surfaces for tiles have been obtained by using a different methodology of glaze deposition.
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